whereas for tissue-engineered skin implants, new vessels must be formed by angiogenesis, which delays graft integration (Young et al., 1996) . Consequently, bio-engineered skin implants are more likely to be rejected. In addition, the cutaneous vasculature is crucial for several physiological and pathophysiological processes including the development of skin diseases, wound healing, metastasizing of malignant melanoma, tumor-angiogenesis, autoand alloimmune-phenomena, and the transdermal penetration of substances. Taken together, non-vascularized skin models are of limited value with regard to their ability to reflect the physiological conditions of a full organ. In the absence of a model that represents the physiological conditions of a full organ, there remains a scientific and medical need for animal models.
Introduction
Tissue-engineered, three-dimensional skin equivalents are capable of mimicking key anatomical, metabolic, cellular and functional aspects of native human skin. Thus, they can be employed as wound coverage for large skin defects or as in vitro test systems instead of animal models in basic research (Groeber et al., 2011) . Generally, two types of tissue-engineered skin models are available, being representatives of either the epidermis alone (reconstructed human epidermis) or the dermal and epidermal layer (full-thickness skin equivalents) (De Wever et al., 2013) . In spite of recent progress, the use of current skin equivalents for medical purposes and as test systems remains limited owing to the lack of a functional vasculature.
In skin transplantation, an existing vasculature supports a rapid anastomosis of donor skin to the host's vasculature (inosculation), Cell isolation and culture Human epidermal keratinocytes, human dermal fibroblasts and human microvascular endothelial cells were isolated from foreskin biopsies according to previously published protocols (Groeber et al., 2013; Pudlas et al., 2011; Rossi et al., 2015) . After isolation, keratinocytes were cultured in Keratinocyte Growth Medium (KGM) supplemented with KGM supplement mix (both from PromoCell, Heidelberg, Germany) and 1% penicillin/streptomycin (Life Technologies GmbH, Darmstadt, Germany). Fibroblasts were cultured in Dulbecco's modified Eagle medium (DMEM, Life Technologies GmbH) with 10% fetal bovine serum (Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) supplemented with 1% penicillin/streptomycin. Microvascular endothelial cells were cultured in VascuLife Basal medium supplemented with VascuLife EnGS LifeFactors (both from Life Technologies GmbH) and 1% penicillin/ streptomycin. For all cell types, medium was changed every two to three days. Cells were used for experiments once 80 to 90% confluency was reached. Keratinocytes were used from first to second passage and both fibroblasts and microvascular endothelial cells from second to fifth passage.
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A First Vascularized Skin Equivalent as an Alternative to Animal Experimentation
Generation of a vascularized skin equivalent
The BioVaSc matrix was prepared using a previously described protocol (Mertsching et al., 2009; Scheller et al., 2013) . Briefly, an approximately 15 cm long segment of a porcine jejunum that was supplied by a single artery-vein-pair was explanted carefully without harming the outer vascular system. Tissue diameter was dependent on the respective animal and varied between 2 and 4 cm. The native tissue was decellularized by perfusing the vasculature with sodium-desoxycholate under constant pressure conditions at 100 mmHg. After sterilization by gamma irradiation, the matrix was stored at 4°C. To generate the vascularized skin equivalent, the BioVaSc was cut longitudinally on the antimesenteric side and fixed in a polycarbonate frame. After equilibration in VascuLife EnGS Medium Complete Kit, (Life Technologies GmbH) for 24 h at 37°C and 5% CO 2 in a humidified incubator, vessels were reseeded with 1*10 7 hDMEC in 1000 µl. For this, 700 µl of the cell suspension was injected into the arterial inlet and 300 µl into the venous inlet via a sterile syringe. Directly after, the surface of the model was inoculated with 1.86*10 5 hDF. The BioVaSc was placed in a previously published bioreactor system, in which the vasculature was connected to a fluidic circuit (Groeber et al., 2013) . Initially, perfusion was started with a pressure of 10 mmHg, increased stepwise to 80 mmHg, and then changed to a physiological pulsatile pressure profile with a systolic pressure of 120 mmHg and diastolic pressure of 80 mmHg. Additionally, a second and third fluidic circuit delivered medium to the surface and lower side, respectively. Culturing under these submerged conditions was continued until day 6. In the next step, the cell culture medium was replaced by hEK medium supplemented with 5% FBS and 1.86*10 6 hEK were seeded on the surface of the model. On day 9 and 12 the FBS concentration was lowered to 2% and 0%, respectively. Cell culture medium was replaced by KGM medium supplemented with KGM supplement mix (both from PromoCell), and 1.5 mM CaCl 2 (Sigma-Aldrich Chemie) and tures (Lei et al., 2011; Montano et al., 2010; Schechner et al., 2003; Shepherd et al., 2006; Supp et al., 2002; Tremblay et al., 2005) . However, in these models no functional perfusable vasculature is formed in vitro. Thus, those pre-vascularized skin equivalents cannot be directly anastomosed to a patient's blood flow, and the vasculature is not experimentally accessible.
To generate perfusable vascularized tissues, a biological vascularized scaffold (BioVaSc) can be used. This scaffold serves as a platform technology for the generation of different vascularized tissue equivalents such as liver (Linke et al., 2007) or trachea (Mertsching et al., 2009 ). The BioVaSc is based on a decellularized segment of a porcine jejunum that is supplied by a single artery-vein-pair (Mertsching et al., 2008; Walles et al., 2004) . The scaffold mainly consists of collagen type III and type I and also comprises structures of the former native vascular network. By reseeding these structures with human endothelial cells, a closed perfusable vascular network can be generated. However, a pivotal aspect of the BioVaSc technology is the bioreactor required for tissue maturation. The bioreactor system generates a physiological medium flow into the vasculature of the BioVaSc with a pulsatile pressure profile between 80 and 120 mmHg. Moreover, the bioreactor system supports culturing of the BioVaSc under submerged conditions as well as at the air-liquid-interface, which is a crucial requirement to trigger the formation of a functional skin barrier (Groeber et al., 2013) .
The hypothesis of this study was that using the BioVaSc in combination with the custom developed bioreactor system allows generation of a vascularized skin equivalent with a perfused vascular network in vitro. For this, the embedded vascular structures in the BioVaSc are reseeded with human dermal microvascular endothelial cells (hDMEC) before skin tissue is constructed by seeding the surface with human dermal fibroblasts (hDF) and human epidermal keratinocytes (hEK). Here, we describe for the first time the development of a functional and fully vascularized human skin model employing the BioVaSc strategy. This model mimics physiological conditions of a full human skin organ and may thus serve as an optimized substitute for animal models in medical research.
Material and methods
Ethical clearance statement
Primary cells were isolated from foreskin biopsies from juvenile donors aged between 1 and 3 years. All donors' legal representative(s) provided full informed consent in writing. The study was approved by the local ethical board of the University of Würzburg (vote 182/10) and the Landesärztekammer BadenWürttemberg (IGBZSF-2012-078). For scaffold preparation, porcine jejunal segments were obtained from German Landrace pigs (weighing 15 to 25 kg). The animals received humane care in compliance with the Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes and the German Animal Welfare Act (last amended by Art. 3 G v. 28.7.2014 Art. 3 G v. 28.7. I 1308 after approval from our institutional animal protection board.
ed Kingdom); CD-31, 1:100 (Dako); von Willebrand Factor, 1:100 (Dako); vimentin, 1:1000 (abcam plc)) was applied and incubated for 12 h at 4°C. The primary antibody solution was removed and the secondary antibodies coupled with Alexa Fluor ® 594 (cytokeratin 14, IgG1 anti rabbit 1:250 (Sigma-Aldrich Chemie GmbH); cytokeratin 10, filaggrin, collagen type IV, CD-31, and von Willebrand Factor IgG1 anti mouse 1:250 (SigmaAldrich Chemie GmbH)) or Alexa Fluor ® 488 (vimentin, IgG1 anti rabbit 1:400 (Sigma-Aldrich Chemie GmbH)). After 1 h staining at room temperature, the slides were washed and all cell nuclei were counter-stained with 4',6-diamidino-2-phenylindole (DAPI (SouthernBiotech; Birmingham, United States)) and covered with ProLong ® Gold Anti Fade.
Barrier assessment
The barrier of the vascularized skin equivalent was characterized non-destructively during tissue maturation by impedance spectroscopy (Groeber et al., 2015) . Two electrodes -a working electrode in the lid of the bioreactor and a counter electrode underneath the tissue -allowed introducing a sinusoidal current I(f). To record the impedance spectra of Z(f) from biological samples, the potential difference U(f) between the two electrodes was measured employing an impedance spectrometer LCR HiTESTER 3522-50 (HIOKI E.E. Corporation; Ueda, J). A tailored user interface, programmed in LabVIEW (National Instruments; Austin, USA), calculated the impedance
, and I(f) are complex numbers. An electrical equivalent circuit facilitated extracting biologically relevant parameters from the spectra via a least 1% penicillin/streptomycin (Life Technologies GmbH) medium and the bioreactor was switched to air-liquid interface conditions on day 13 as described in our previous publication (Groeber et al., 2013) . Briefly, a two-way selector valve was changed so that instead of cell culture medium, sterile air was directed over the surface of the model. Culture was continued until day 27, whereby cell culture medium was exchanged on day 20. The culture in the bioreactor system was performed in a tailor-designed incubation system with programmable pumps under 37°C and 5% CO 2 .
Histological analysis
Samples were fixed in Histofix ® (Carl Roth GmbH; Karlsruhe, Germany) and embedded in paraffin. Cross sections of 3 µm thickness were stained with hematoxylin & eosin (H&E) and covered in Isomount ® (Labonord; Templemars, France) and bright-field images were obtained for general analysis of the morphological architecture. ImageJ software (National Institutes of Health) was used to measure histological features. For immunohistofluorescence staining, cross sections were hydrated and subjected to antigen retrieval in tris-ethylenediaminetetraacetic acid buffer (cytokeratin 14, cytokeratin 10, filaggrin, collagen type IV, CD-31, von Willebrand Factor) or citrate buffer (vimentin) for 20 minutes at 100°C. After blocking unspecific binding with goat (cytokeratin 14, cytokeratin 10, filaggrin, collagen type IV, CD-31, and von Willebrand Factor) or donkey serum (vimentin), 500 µl of primary antibody solution (cytokeratin 14, 1:500 (Sigma-Aldrich Chemie GmbH); cytokeratin 10, 1:500 (Dako; Glostrup, Denmark); filaggrin, 1:50 (Biomol GmbH; Hamburg, Germany); collagen type IV, 1:50 (abcam plc; Cambridge, Unit- Fig. 1 : Experimental procedure to generate the vascularized skin equivalent a) In a first step, human epidermal keratinocytes (hEK), human dermal fibroblasts (hDF), and human dermal microvascular endothelial cells (hDMEC) are isolated from juvenile foreskin biopsies. b) Subsequently, the cells are seeded on a biological vascularized scaffold (BioVaSc) based on a decellularized segment of porcine jejunum. The acellular vascular structures of the BioVaSc are inoculated with hDMEC through the arterial inflow (AI) and venous outflow (VO). Additionally, hDF and hEK are seeded onto the surface of the BioVaSc. c) To allow the culture of the scaffold at air-liquid-interface, the BioVaSc is fixed in a frame (CF) and placed in a bioreactor (BR) system. In the BR the vascular system of the BioVaSc is perfused with a physiological pressure profile with a systolic pressure of 120 mmHg and diastolic pressure of 80 mmHg.
Results
Culture in the bioreactor facilitates the formation of a stratified epidermal and a vascularized dermal layer
To form the vascularized skin equivalent, hDMEC were seeded into the vascular system of the BioVaSc and the surface of the matrix was inoculated with hDF and hEK. Following culture at the air-liquid-interface in a specific-designed bioreactor system (Fig. 1) , a well-stratified epidermis was formed on the BioVaSc. The epidermis covered the complete surface of 8 cm 2 (Fig. 2a) . A higher magnification revealed that hDF were distributed homogenously in the BioVaSc forming the dermal layer (Fig. 2b) . In addition, hEK differentiated into an epidermis with clearly distinguishable structural layers. The dermal-epidermal junction mimicked the structure of dermal papillae due to the topography of the biological scaffold (Fig. 2c) . Tubular structures lined with hDMEC were found within the dermal component (Fig. 2c,d ). Vessel density increased with proximity to the afferent vasculature (Fig. 2e) . square minimization algorithm (Matlab, Mathworks, Natick, USA). The tissue was described by an ohmic resistor and a capacitor in parallel connection.
Characterization of vasculature
Vessel network was visualized by staining viable cells with a 1 mg/ml solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) (Sigma-Aldrich Chemie GmbH) in VascuLife EnGS Medium Complete Kit (Life Technologies GmbH) for 3 h in a humidified atmosphere with 37°C and 5% CO 2 . To measure the arterial inflow, the artery was connected to a peristaltic pump and the arterial pressure was set to 100 mmHg. The volume flow was calculated from the rotational speed of the peristaltic pump,.
Statistical analysis
Quantitative data was analyzed for statistically significant differences with GraphPad Prism ® 6 using a one-way ANOVA employing Tukey's multiple comparisons test. Mean thickness and standard deviation of the stratum corneum and the viable cell layers in the human skin (hSkin), full-thickness skin equivalents (ftSE) and the vascularized skin equivalent (vSE). As the topography of the human skin and the vascularized skin equivalent is not flat, the thickness of the viable cell layers was measured either from the lowest point of the dermal papillae (VCL w/ P) or from the top of the dermal papillae (VCL w/o P). Statistically significant differences are indicated by stars (N = 22; p ≤ 0.05).
Non-destructive monitoring confirms the epidermal barrier and vessel perfusion
A vital aspect of skin equivalents is the formation of a strong epidermal barrier. To assess this criterion in a non-destructive manner, impedance spectra were measured and used to derive electrical characteristics of the skin model (Fig. 5a ). During culture, the surface-normalized ohmic resistance increased by 192 Ω*cm 2 , whereas the capacitance dropped by 12.3 µF/cm 2 (Fig. 5b) .
To demonstrate vessel perfusion, arterial inflow was measured for the native tissue, for the cell-free BioVaSc, and for the re-endothelialized BioVaSc (Fig. 5c ). Prior to decellulari-
Human keratinocytes form a correctly differentiated epidermis with an in vivo-like dermal-epidermal junction
Immunohistological staining against collagen type IV demonstrated the presence of basement membrane proteins at the dermal-epidermal junction. No collagen type IV was detected in the cell-free scaffold. Localization of cytokeratin-14 in the basal layer and presence of cytokeratin-10 in the supra-basal layers verified an anatomically correct differentiation of the epidermis. Moreover, positive filaggrin staining indicated the formation of a cornified layer (Fig. 3a) .
The thickness of the stratum corneum and the viable cell layers was measured to compare the bioengineered epidermal layer with native human skin and standard full-thickness skin equivalents (Fig. 3b) . To ensure comparability between the bioengineered skin equivalents, the models were analyzed after the same time in culture and histologically processed using the same buffer solutions and devices. Due to the presence of dermal invaginations, the distances from the stratum corneum to the tip of the dermal papillae and to the bottom of the invagination between the papillae, respectively, were determined separately for human skin and the vascularized skin equivalent, which is highlighted in Figure 3b . For the thickness of the stratum corneum, no significant difference was measured between the three experimental groups. The thickness of the viable cell layers of full thickness skin equivalents was statistically lower compared to both other groups. Although no significant difference could be found between human skin and the vascularized skin equivalent for the distance from the papillae tip to the stratum corneum, the height of the invagination between the papillae was significantly higher in human skin.
Vessel structures are populated with human endothelial cells and exhibit a higher diameter than vessels in human skin
To generate a functional endothelial network, hDMEC were seeded into the preserved structures of the former blood vessels of the jejunum. The hDMEC were able to colonize the tubular structures and formed an interconnected and branched network (Fig. 4a) .
After 28 days of culture in the tailored bioreactor system, the formed re-endothelialized tubular structures were compared to the blood vessels of human skin by measuring the vessel diameters in the vascularized skin equivalent and the upper and lower plexus of human skin (Fig. 4b) . The mean vessel diameter of the lower plexus (35 ± 22 µm) was significantly lower than in the upper plexus of human skin (101 ± 68 µm). Seeded vessels in the vascularized skin equivalent exhibited a broad diameter range with a significantly higher mean value (180 ± 105 µm) than both vessel plexuses. The vascular structures were embedded in a dermal layer. Immunohistological staining revealed homogenously distributed vimentin positive cells demonstrating the presence of hDF. Moreover, cells exhibiting endothelial cell markers CD31 and vWF were only found in the vascular structures. In contrast, the cell-free BioVaSc showed no staining for the analyzed markers (Fig. 4c) . and that the number of used animals is reduced to a minimum since other tissues are used for further research purposes. The developed model was composed of an epidermal and a dermal layer. Vessel structures were present within the dermal part. As the skin equivalent is based on a jejunal matrix, the general architecture of the microcirculation is expected to reflect the anatomy of the porcine gut (Yao et al., 2012) . This is reflected in the histological analysis that demonstrated a significantly higher vessel diameter in the vascularized skin equivalent compared to human skin. However, the generated vascular architecture where a branched capillary network is supplied by a larger artery-vein-pair is also comparable to the architecture of skin (Braverman, 2000) . In the vascularized skin equivalent, a capillary system connected a central artery and a corresponding vein. A single layer of hDMEC lined the vessel walls and formed a clear vessel lumen. Although the histology of the model indicates an endothelial cell barrier, a vital aspect of vascular anatomy, further cellular components such as pericytes or muscle cells are missing.
The presence of tubular structures is a vital perquisite for the perfusion of the skin equivalent. Compared to the explanted intestinal tissue, the reseeded BioVaSc exhibited a lower arterial inflow, indicating some clogged vessels. Nevertheless, the measured inflow at 100 mmHg resulted in a perfusate of 100 µl/(min cm 2 ). This correlates with the physiological perfusion of the skin capillary blood flow (Johnson et al., 1986) and facilitates a bidirectional mass transport into the surrounding zation, the jejunal segment consumed a mean volume flow of 912.5 µl/(min*cm 2 ) at 100 mmHg. Following removal of the porcine cells, arterial inflow was increased significantly to 1975 µl/(min*cm 2 ). Reseeding of the vasculature with hDMEC reduced the cell culture medium flow into the artery to 109.2 µl/ (min*cm 2 ). Even though the measured inflow of the re-endothelialized BioVaSc was below that of the native tissue, the difference was not statistically significant.
Discussion
To overcome limitations of classical, non-vascularized skin models, we developed a fully vascularized human skin model employing the BioVaSc strategy. This model facilitates physiological vascular functions. The cutaneous vasculature is a complex network making it challenging to integrate vascular structures in an in vitro skin equivalent (Novosel et al., 2011) . Despite technical advancements with methods such as bioprinting, the manufacturing of a network comparable to the in vivo situation is yet to be achieved. Hence, we employed a decellularized xenogenic matrix with conserved and perfusable vascular structures. In combination with a bioreactor system the scaffold facilitated the generation of a human vascularized skin equivalent. Although this approach involves the use of animal derived material as supporting scaffold, it should be noted that up to four jejunal segments can be explanted from one pig Impedance spectroscopy was employed to assess epidermal barrier formation non-destructively. A working and a counter electrode were introduced into the bioreactor and connected to an impedance spectrometer. b) Electrical characteristics were derived from the impedance spectra (exemplarily shown for one bioreactor). During culture, the surface-normalized ohmic resistance increased up to 832 Ω*cm 2 and the normalized capacitance decreased to 1.43 µF/cm 2 . c) Perfusability was demonstrated by measuring the arterial inflow at 100 mmHg. Compared to the native tissue, the decellularization process led to an increased volume flow, whereas the reendothelialization of the scaffold decreased the arterial inflow. Statistically significant differences are indicated by stars (N = 8; p ≤ 0.05).
Conclusion
Taken together, the vascularized skin equivalent represents an optimized organ model for scientific research. The vascularization for the first time enables the interaction of cellular and non-cellular-compartments of the blood stream with different layers of the tissue. This may be of particular interest with regard to immunological research and associated migration studies of lymphocytes. For clinical applications, the vascularized skin equivalent bears potential to be used as a vascularized skin graft for the treatment of deep skin wounds.
tissue across the endothelial barrier. As expected for skin tissue, vessels were only located in the dermal part. Here, hDF were homogenously distributed, allowing a close interaction between endothelial and stromal cells. At the dermal-epidermal junction, collagen type IV, a prominent basal membrane protein, could be detected. As no collagen type IV was detected in the cell-free scaffold, the presence of collagen type IV in the dermal-epidermal junction suggests de novo synthesis by the hEK, paralleling basement membrane formation in wound healing (Stark et al., 2004) and embryogenesis (Poschl et al., 2004) . Moreover, the dermal-epidermal junction was aligned to the crypts of the former intestinal tissue that results in topography comparable to the dermal papillae of human skin. Due to the increased surface area, a higher mechanical resilience of the dermal-epidermal junction can be assumed compared to standard full-thickness skin equivalents with an even interface between dermis and epidermis. Moreover, the BioVaSc facilitated the attachment of hEK to the folded topography, resulting in a differentiated multilayer epidermis. Physiological differentiation was confirmed by immunohistological staining, showing a physiological location of cytokeratin-14 in the basal layer and cytokeratin-10 in the suprabasal layers (Fuchs, 2009 ). The differentiation also led to an even, stratified layer that was positive for filaggrin, which is essential for the corneous layer (Mildner et al., 2010) . The integrity of the formed barrier could be demonstrated by measuring the electrical resistance during culture. The electrical barrier reached 192 Ω*cm 2 , which is comparable to other in vitro models but below the value of human skin (Knott et al., 2008) . The capacitance was investigated as a second electrical parameter. In a previous study, the reduction in capacitance, which was also shown in this study, was found to be predictive for an increase of tissue thickness (Groeber et al., 2015) . In contrast to standard trans-epithelial electrical resistance values, the system used here shows a higher sensitivity, since the values are not biased by the electrical setup and electrode orientation. Furthermore, transepithelial electrical resistance measurements are limited to the ohmic resistance and extraction of further electrical parameters such as the capacitance is not possible.
The vascularized skin equivalent closely resembles the histological architecture of human skin and facilitates the crosstalk among vasculature, epidermal and dermal part. Also, the matrix provides stable vessel lumen, allowing the perfusion of the complex vascular network formed. To date, perfusion of vessel-like structures in pre-vascularized models has only been achieved upon grafting to an animal model (Gibot et al., 2010; Schechner et al., 2003; Tremblay et al., 2005) . The current model can be regarded as an improvement on a previously published pre-vascularized skin model, which only enabled medium flow underneath the tissue and left out the perfusion of vessels in the construct (Helmedag et al., 2015) . In this previous model the fluidic compartment was separated from the tissue by a porous membrane, limiting mass transport. In our approach the vasculature was experimentally accessible through the fluidic system of the bioreactor, and thereby the applicability domain is broader. This feature may improve prediction of transdermal skin absorption into the circulatory system.
